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Membrane and Use thereof 



The invention is directed to membranes which may be used for the separation of gases, micro or 
ultra titrations and espedally for medical purposes, like for hemodialysis, hemofiltration, hemodiafil- 
10 tration, plasmapherese or immuno therapy. 

The DE-A-19 520 188 discloses a method for the production of hollow polymer fibre membranes by 
passing a molten polymer through an ^rusion apparatus for forming the hollow fibre membranes, 
the polymer being loaded with gas under pressure before entering the extrusion apparatus, and at 
15 the exit of the polymer from the extrusion apparatus due to a decrease of pressure and thus, expan- 
sion of the gases within the polymer a porous hollow fibre membrane being fonned. The obtained 
number of open pores and pore sizes are not satisfactory with respect to micro- and ultrafiltration. 
The size of pores determines the separation efficiency and the percentage of open pores the mem- 
brane efficiency. 

20 

The WO 91/08 243 describes a method for the production of polyurethane foams having open ceils 
by mixing a diisocyanate, a hydrogen donor, at least one surfactant, at least one catalyst and a blow- 
ing agent which is suitably carbon dioxide. At subatmospheric pressures within a mixing zone keeps 
the blowing agent in a liquid condition at ambient temperature. Expelling the mixture into the sur- 
25 rounding of room temperature results in fast evaporation of the blowing agent and hardening of the 
resulting foam at room temperature. This method has the same disadvantages as the above men- 
tioned method. 

The DE-A-10 033 401 discloses a membrane prepared by shaping a polymer or polymer mixture, 
30 loading before or after shaping the polymer or polymer mixture with a gas at superatmospheric pres- 
sure, then foaming the gas loaded polymer or polymer mixture at a temperature above the glass 
transition temperature of the polymer/gas mixture and finally stabilizing the foam structure, in which 
method the gas loaded polymer or polymer mixture is foamed at a gas concentration with the poly- 
mer or polymer mixture above a critical concentration and at a temperature below a critical tempera- 
35 ture. 



Starting from this known method the object of the present Invention was to improve the biocompati- 
bility of tiie membrane surfaces which is important for extracorporal systems which contact blood, 
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and to improve the wettability of the membrane and the transport therein. A further object was to 
provide membranes having satisfactory number and sizes of open pores. 

This problem is solved according to the present invention by a membrane producible by shaping a 
5 polymer blend or block copolymer comprising monomer blocks, loading before or after shaping the 
polymer blend or block copolymer with a blowing gas at a superatmospheric pressure, then the 
blowing gas loaded polymer blend or block copolymer being foamed at a gas concentration within 
the polymer blend or block copolymer above a critical concentration and at a temperature below a 
critical temperature, but above the glass transition temperature and finally stabilizing the foam struc- 
10 ture. According to the invention this method Is characterized by using as the polymer blend a homo- 
geneous polymer blend consisting of at least one hydrophilic and at least one hydrophobic polymer 
and/or a block copolymer of alternating hydrophilic and hydrophobic blocks of monomer units, both 
the polymer blend and the block copolymer having a solubility relating to the used blowing gas 
above the critical concentration. 

15 

By membranes produced according to a method of the invention the biocompatibility of the surface 
of the membranes can be controlled, the adsorption of proteins can be regulated and the wettability 
of the membrane and transport there through are improved. 



20 The membranes obtained according to the invention have a unifonm, pemneating nanoporous mor- 
phology and thus, a high membrane and separation efficiency. 

The evaluation of the permeation properties and thus, the open porosity can be carried out as fol- 
lows. 



25 a) Detailed Investigation of scanning electron micrographs 

To study the cross section of a foamed polymer the sample is freeze fractured in liquid ni- 
trogen and sputter-coated with gold at standard conditions. Subsequently, the sample is 
studied using a standard scanning electron microscope (SEM), i. e. JEOL TM220A. Open- 
30 ings for apertures in the foam morphology on the SEM micrographs indicate bicontinuous 

morphologies. 



b) Performing flux measurements 

35 The permeation properties of the foamed films were determined using self-made membrane 

modules. Experimentally, a piece of 25 mm in length and 7 mm in width is cut out of a 
foamed sample. The average thickness is calculated out of five measurements along the 
sample. One side of a polyamide tube is filled with 5 mm play-dough in which a slit opening 

is shaped. The prepared sample piece is fixed in the play-dough in such a way that approxi- 
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mately 5 mm of the sample sticks outside. The tube Is filled with appioximately 15 mm poly- 
urethane potting material (two component polyurethane glue, 643 B and 725 A, Morton Ad- 
hesives and Specialty Chemicals) from the top after proper embedding of the sample with 
play-dough. After a drying period of 24 h the membrane module is fixed in a Legris® express 
5 coupling, which Is connected to a gas piping sy-stem. Before starting a measurement, the 

gas lines are flushed with the gas used (nitrogen or helium) several times. The complete 
holder (membrane module and express coupling) Is submerged in a water bath and the flow- 
ing gas is collected in a water filled measuring cylinder. The measurements are performed 
with a feed pressure of 0.3 MPa. The measurement is stopped after collecting approximately 
10 2-5 ml gas. The nonmallzed flux (P/L) is expressed in m^/{m^ h bar). 

c) Measuring the capillary elevation 

With this, a sample is fixed into an appropriate measuring installation, wherein the ends of 
*he polymer sample are respectively broken in liquid nitrogen. One end of the fixed sample is 
immersed approximately 2 to 3 mm in a liquid. After an appropriate time the elevation of the 
liquid level in the membrane is measured. Using changes in weight as well as elevation, the 
open porosity can be characterized. Closed pore samples do not absoria liquid, and an eleva- 
tion can not be measured. 

20 

For manufacturing the open pore membrane according to the invention, there are four types of 
method to l>e considered that are known per se. 

The first type of method is the pressure cell method, in which the polymer blend is firstly shaped as 
25 required and then, at increased pressure and at a temperature below the glass transition tempera- 
ture of the polymer/gas mixture, is charged with a gas (blowing agent). Subsequently, the pressur- 
ized gas is quickly released from the pressure vessel (within 1 s). After removing the gas-saturated 
polymer film from the pressure vessel, the sample is immersed in a heating bath maintained at the 
desired temperature (foaming temperature) during a fixed time (foaming time). If the temperature of 
30 the foaming bath is above the glass transition temperature of the polymer/gas mixture foaming of the 
polymer sample occurs and a open-nanoporous (bicontinuous) morphology can be obtained. The 
transfer of the sample from the pressure cell into the heating bath has to be pert'onmed quickly to 
reduce drffuslonai loss of blowing agent out of the material. 

35 The second type of method is the so-called autoclave method. In which the saturation of the polymer 
or polymer blend with the gas takes place at a temperature above the glass transition temperature of 
the polymer/gas mixture, and foaming is Initiated by a spontaneous decrease in pressure. In contrast 
to pressure cell method, in which the gas-saturated polymer is nornially put into a hot bath in order 

to obtain a temperature which is above the glass transition temperature, with the autoclave method. 
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such heating is unnecessary, as the polymer is already at the necessary tennperature at)ove the 
glass transition temperature when saturated vrith gas. 

The third method is the so-called extnjsion method, in which a molten mass of polymer or polymer 
5 blend Is saturated with the gas In a shaping tool. On leaving the extrusion tool, and the drop in pres- 
sure caused by this, foaming occurs. 

The fourth technique is the "solid spinning technique" (B. Krause, M. Kloth, N. F. A. van der Vegt, M. 
Wessling, Porous Monofilaments by Continuous Solid State Foaming, Ind. Eng. Chem. Res. 2002, 
10 41 [5], pages 1195 to 1204), which allows for (i) (semi)continuous saturation of a polymeric shaped 
material with a physical blowing agent in a pressure cell, (11) continuous withdrawal of the saturated 
material from the pressure cell through a specially designed die, and (iii) continuous foaming of the 
material in a heated medium. 

1 5 The pressure cell method is currently preferred. 

The gas concentration of the hydrophllic polymer blend as well as the temperature during foaming 
are of major importance to create an open-nanoporous morphology. Dependent on the polymer sys- 
tem the foaming time can effect the foam morphology. 

20 

The time for saturation within the pressure cell depends on the polymers used or block copolymer 
and the critical concentration. The time of transfer from the pressure cell to the heating bath has to 
be as short as possible and has to ensure that during foaming within the heating bath the gas con- 
centration with the polymer blend or block copolymer is above the critical concentration. By varying 
25 the foaming time within the heating bath the pemrieation can be changed. But for a reproducible pro- 
duction it is suitable to keep constant the time of transfer and foaming and the time of saturation 
within the pressure cell for spedal polymer blend or block copolymer by special conditions of the 
used apparatus. 

30 The membranes according to the invention may be flat membranes, hollow fibre membranes or 
monofilament membranes. The hydrophobic polymers of the polymer blends may be polysulfones, 
polyethersulfones, polyetherimides, polycarbonates, polyimides, polyetheretherketones. Preferably, 
they are polysulfones, polyethersulfones, polyetherimides and/or polycarbonates. The block copoly- 
mers may contain as a hydrophobic polymer blocks monomer units of those polymers which have 

35 been mentioned as the hydrophobic polymers of the polymer blends according to the invention. 

The hydrophllic polymers of the polymer blends may be polyvinylpyrrolidone, sulfonated polyether- 
sulfones, cart>oxylated polysulfones, caboxylated polyethersulfones, polyethyloxazolines, 

30ly(ethyleneoxide), poly(ethyleneglycol), polyacrylamides, poly(hydroxyethylmethacrylate), polyvi- 
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nylalcohols, poly(propyleneoxides), polycarboxylic acids, poty(acrylic acids), poly(methacrylic adds) 
or poly(acrylic nitrite). Preferably, the hydrophilic polymers are polyvinylpyrrolidone, sulfonated poly- 
ethersutfones and/or polyethyloxazolines. Within the block copolymers used according to the inven- 
tion the hydrophilic polymer blocks are composed of monomer units according to the hydrophilic 
5 polymers mentioned above as hydrophilic polymers of the polymer blends according to the invention. 

The polymer blends used according to the invention have to be homogeneous, i. e. they have to 
form a single phase. The existence of a single phase of the polymer blends can be determined by 
measuring the glass transition temperature. If a polymer blend has two glass transition tempera- 
10 tures, the blend Is not homogeneous, but heterogeneous. Homogeneous blends have one single 
glass transition temperature between the glass transition temperatures of the pure polymers of the 
blend. 

The block copolymers to be used according to the invention Instead of the polymer blends have in- 
1 5 herently a single glass transition temperature. 

The polymer blends and block copolymers used according to the invention have to have a solubility 
for the used blowing gas above the critical concentration. Such a concentration of saturation above 
the critical concentration can easily be obtained by selection and control of the necessary saturation 
20 conditions (temperature of saturation and pressure of saturation). The critical concentration which 
has to exist during foaming, i. e. within the heating bath in the event of the pressure cell method, Is 
suitably at least 40. preferably at least 43, especially at least 46, or especially at least 47 cm^ 
(STP)ycm^ of the polymer blend or block copolymer. *'STP" means at standard temperature and pres- 
sure. These standard conditions are 0 X and 0,103 MPa. 

25 

The invention is not restricted to a special blowing gas, but GO2 is preferred. Instead of CO2 other 
physical foaming gases may be used, such as chlorodifluofomethane. Also for this blowing gas the 
critical concentration is in the same order as for CO2. The blowing gas may also be a gas mixture. 

30 Foaming is carried out suitably at a temperature of at least 10 °C below the critical temperature. For 
each special combination of the polymer blend or block copolymer and blowing gas after detenmina- 
tion of the glass transition temperature of this blend or copolymer and of the critical temperature 
thereof a foaming diagram may be prepared which contains an area above the critical gas concen- 
tration within the area between the glass transition temperature and the critical temperature. Within 

35 this area the morphology is open, nanoporous (B. Krause, H.J. P. Sij-besma, P. MQnQklQ, N. F. A. 
van der Vegt und M. Wessllng: BIcontinuous Nanoporous Morphologies by Carbon Dioxide Foam- 
ing, Macromolecuies 2001 . 34, pages 8792 to 8801 ). Relating to the conditions of loading the blow- 
ing gas into the polymer blend or block copolymer and relating to the foaming conditions as well as 

determination of the solubility of the blowing gas, the glass transition temperature (Tg) of the polymer 
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blend/gas mixture or block gas mixture copolymer, the critical temperature of the polymer blend or 
block gas mixtures copolymer and the critical gas concentration reference Is being made to the DE- 
A-10 033 401 , the contents thereof are introduced into the present specification by reference. 

5 The solubility of the blowing gas within polymers and polymer blends to find out which polymers and 
polymer blends can be used suitably for the production of membranes according to the invention is 
now disclosed: 

Determination of the gas solubility 

10 

To detenmine the gas solubility of a special blowing gas in polymers and polymer blends an appara- 
tus Is used which is comparable with that one vMch has been developed by Koros and Paul (W- J. 
Koros. D. R. Paul: Design Considerations for Measurement of Gas Sorption in Polymers by Pressure 
Decay, J. Polym. Sci, 1976. page 14, 1903 to 1907). 

15 

The sorption isothemis are determined for carbon dioxide at 25 **C up to a pressure of 5 MPa. For 
other gases (for example chloro difluoro methane) much lower pressures (for example 
0,8 MPa) are sufficient. The statement of the concentration of dissolved carbon dioxide is made in 
cubic centimetres CO2 at 0 *'C and 0,1013 MPa (standard temperature and pressure ^TP]) per cu- 
20 bic centimetre of polymer. It is also possible to use other volumetric and gravimetric methods to de- 
termine the gas solubility in polymers and polymer blends. The sorption isotherms may also be de- 
temfilned for other temperatures and pressures if these parameters are interesting for the foaming 
method. 

25 The homogeneous blends may be checked in the event of amorphous materials by measuring the 
glass transition temperature by means of differential scanning catoriemetry (DSC). If the polymer 
blend consisting of two or more polymers shows one glass transition temperature (Tg), then it Is a 
homogeneous blend. Usually the value of Tg of the blend is between the Tg values of the single ma- 
terials which have been used for the production of the blend. The glass transition temperature (Tg) 

30 and the critical temperature of the polymer/gas mixture as well as the critical gas concentration are 
determined as follows. 

Determination of the Glass Transition Temperature (Tg) of the Polymer/Gas Mixture 

35 Samples of the produced polymer films (polymers, polymer blends or block copolymers) are loaded 
with the gas or gas mixture In a pressure cell. The saturation temperature Is 25 ''C. Preferably the 
polymer films are saturated with the gas or gas mixture at the temperature where also the sorption 
isothemn has been determined. This allows the simple conversion of the adjusted gas pressures 

[balance pressures) into concentrations. The gas pressure at which the saturation with a gas (for 



wo 2004/050222 



-7- 



PCT/EP2003/050730 



example carbon dioxide) Is carried out is called saturation pressure. By the variation of the saturation 
pressure and the saturation temperature the corresponding saturation concentration may be 
changed. 

5 The time for saturation has to be chosen so that a homogeneous concentration profile is obtained. In 
the event of carbon dioxide as blowing gas and films having a thickness of about 100 pm a satura- 
tion time of about 2 h Is sufficient. In the event of chloro difluoro methane at identical test conditions 
a saturation of about 7 days is necessary. 

10 After the spontaneous removal of the blowing gas from the pressure cell the polymer sample is re- 
moved and submerged in a heating bath. Thereby foaming takes place. The period of submerging is 
30 sec, but may also be shorter or longer in dependence from tiie polymer system. During submerg- 
ing the sample is agitated continuously within the heating batii medium. Care should be taken so 
that the polymer sample is submerged completely witfiin the heating medium. The heating medium 

1 5 is selected so that the polymer sample is not attacked chemically or physically during foaming. After 
foaming the polymer sample is chilled within an ethanol water mixture at about 20 °C, preferably to a 
temperature below the glass transition temperature of ttie polymer, polymer blend or block copoly- 
mer. 

20 Determination of the Critical Temperature of Polymer/Gas Mixtures 

The critical temperature is defined as the foaming temperature above which no longer foamed poly- 
mer morphologies may be obtained, i. e. above which the density of the sample after foaming corre- 
sponds substantially to the density (>95 % of the starting value) of the used polymer sample. The 
25 critical temperature is above the glass transition temperature of the polymer/gas mixture. 

Parts of the produced polymer films (polymers, polymer blends or block copolymers) are loaded with 
the gas or gas mixture witiiin a pressure cell. The saturation temperature is 26 •C. 

30 The time for saturation has to be chosen so that a homogeneous profile of concentration is obtained. 
Relating to the time of adjusting the concentration profile reference Is being made to the determina- 
tion of the glass transition temjDerature at>ove. 

Several samples saturated at identical pressures witii the blowing gas (for example carbon dioxide) 
35 are foamed at different temperatures. Thereby is shown that above a special critical temperature no 
foamed polymer morphologies may be obtained. It is shown tiiereby that polymer films after foaming 
become transparent again and the density of the foamed material becomes substantially the density 
of the starting material (density of the pure polymers, polymer blends or copolymers). The critical 

mperature optically found is confinned by means of scanning electron microscopy (SEM). Samples 
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which have been heated at a temperature above the critical temperature show a dense, non-cellular 
structure. Samples which have been heated at a temperature below the critical temperature show 
fomnation of cells (porosity). 

5 Similarly, samples which have been heated at a temperature below the glass transition temperature 
of the polymer/gas mixture, show a dense staicture. Samples which have been heated at a tempera- 
ture above the glass transition temperature of the polymer/gas mixture show cells (porosity). The 
glass transition temperature of a polymer/gas mixture is defined here as average value between the 
temperature at which still no foaming is recogni2Bble, and the temperature at which formation of 
10 cells is found by SEM. 

The critical concentration depends among others from the foaming time as well as the concentration 
of the dissolved blowing gases. At shorter foaming times the critical temperature is increased. By 
increasing the concentration of the dissolved blowing gases the value of the critical temperature may 
15 be decreased. Thus, for each foaming time and concentration of dissolved blowing gas the critical 
temperature must be determined newly. This is especially true If another foaming method than dis- 
closed here is used, since thereby the foaming times may be quite different from the stated value. 

Determination of the Critical Gas Concentration 



The critical gas concentration is defined as the lowest gas concentration (preferably saturation con- 
centration) above which at a foaming temperature limited by the glass transition temperature as up- 
per limit for a conresponding gas concentration (concentration of saturation) percolation by means of 
the methods disclosed under b) or c) for one or several foamed polymer samples can be found. 



20 



25 



a) 



Pressure cell process 



30 



Parts of the prepared polymer films (polymers, polymer blends or block copolymers) are 
loaded with the gas or gas mixture within a pressure cell. The saturation temperature is 25 
X or lower. The time of saturation must be adjusted so that a homogeneous concentration 
profile Is obtained. In the event of carbon dioxide as blowing gas and using amor- 



phous polymer films having a thickness of about 100 pm a saturation time of about 2 h is 
sufficient. 



35 



After spontaneous removal of the blowing gases from the pressure ceil the polymer sample 
is taken and submerged in a heating bath. Thereby the sample is foamed. The time of sub- 
merging is usually 30 sec. but may be longer or shorter. During submerging the sample Is 



agitated within the heating bath. After foaming the sample is chilled within an ethanol water 
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mixture (about 20 'C), preferably at a temperature below the glass transition temperature of 
the polymers, polymer blends or block copolymers. All samples foamed at temperatures 
above the glass transition temperature of this polymer/gas mixture as well as below the criti- 
cal temperature of the said mixture are checked relating to the percolation. 

5 

b) Autoclave process 

In this process the saturation with the gas or gas mixture above the glass transition tempera- 
ture of the polymer/gas mixture and foaming are initiated by a spontaneous removal of the 

10 gas pressure. There from results that the foaming temperature is identical with the tempera- 

ture of saturation. If polymer samples are saturated or foamed at Increasing temperatures 
with the gas or gas mixture, there is shown that above a critical temperature no foamed 
polymer morphologies may be obtained. By variation of the conditions of saturation (gas 
pressure, temperature) different concentrations of saturation within the polymer or polymer 

15 blend may be adjusted. For such a changed condition of saturation (concentration of satura- 

tion) again a critical temperature may be found. 

c) Extrusion process 

20 In this method the fomiation of foam is obtained at the exit of the polymer/gas mixture from 

the extruder head. By variation of the temperature at the extruder head a temperature may 
be found above which no foamed polymer morphologies may be obtained. Similar as men- 
tioned for the autoclave process by variation of the saturation conditions (pressure, gas 
pressure, temperature) different concentrations of saturation in the polymer or polymer blend 

25 may be adjusted. For these changed conditions of saturation (concentrations of saturation) 

again the critical temperature may be detemnlned. 

d) Solid-spinning process 

30 In this process foaming is obtained at the exit of the saturated shaped articles from the jet 

head. This jet head enables the continuous transfer of a shaped article from a pressure cell 
without a pressure drop within the saturation chamber. 

After the transfer of the saturated polymer sample into a heating bath foaming takes place. 
^5 The time of submerging, chilling to a temperature below the glass transition temperature of 

the polymer, polymer blend or block copolymer corresponds to the conditions mentioned 
above for the determination of the critical temperatura. 
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Several samples saturated at identical pressures with the btowing gas are foamed at increas- 
ing temperatures. All samples which have been foamed at temperatures above the glass 
transition temperature of the said polymer/gas mixture as well a below the critical tempera- 
ture of this mixture are investigated relating to the percolation. 

Thus, the foam diagram of a special polymer/gas mixture is detemnined as follows. First the sorption 
isotherm or isobar is detemnined to find out whether the expected critical concentration may be ob- 
tained. Then ttie pressure and the temperature are adjusted so to obtain a polymer concentration of 
50 cm" (STPycm". Then the polymer is foamed at Increasing temperatures and each foamed char- 
acter is detennined. for example by measurement of gas flux whereby the critical temperature for a 
special foaming time is determined. 

As outlined above ttie polymer blends to be used according to the invention have to be homogene- 
ous. Homogeneity of ttie polymer blends may be obtained in different manner. Below you will find 
two different methods to obtain homogeneity, but the invention is not restricted to ttie use of such 
methods. 

The first example to obtain homogeneity is the mettiod of solution blending. In this method ttie differ- 
ent polymers are dissolved in a common solvent and spread for example in the fomi of a ttiin film on 
a glass plate. After evaporation of the solvent a homogeneous film is obtained. 

In ttie second example, ttie melt blending method, the polymere are continuously introduced into a 
blending apparatus which in turn is connected witti an extiruder. The blend at ttie exit of ttie extiuder 
is homogeneous and may be immediately worlced up. 



In DE-A-W 033 401 ttiere is disclosed how ttie critical gas concentration is detemiined wittiin ttie 
pressure cell mettiod, ttie autoclave method and the exbusion method. 

In the solid spinning process, the foam is fomied at ttie exit of ttie saturated shaped article from ttie 
die. This die enables the continuous transfer process of a shaped article from a pressure cell wittiout 
pressure drop within the saturation chamber. 

After transfer of the saturated polymer sample into a heating bath foaming occurs. The residence 
time is 30 s, but may be also shorter or longer in dependency from ttie polymer system and ttie 
drawing velocity. After foaming ttie article is chilled within an ettianolAvater mbdure of about 20 'C, 
preferably a temperature below ttie glass transition temperature of ttie polymer blend/gas mixture or 
block copolymer/gas mixture. 
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Several samples which have been saturated with the foaming gas such as carbon dioxide are 
foamed at Increasing temperatures. All samples which have been foamed at temperatures above the 
glass transition temperature of a mixture as well as below the critical temperature of this mixture are 
investigated relating to the permeation behaviour. 

Preferably, at least one of the components of the polymer blend is amorphous or semicrystalline. 
The stabilization of the foam structure after foaming is provided by chilling, preferably in a mixture of 
ethanol and v^ater. 

As starting materials, preferably such polymers are selected for the polymer blend according to the 
invention, which have glass transition temperatures similar to each other, preferably not more di- 
verse than 200 **C, especially not more diverse than 150 'C. and more preferably not more diverse 
than 100 °C, The selection and combination of hydrophobic and hydrophilic polymers or the units 
and block length of the block copolymer are selected in such a manner that a polymer blend or block 
copolymer has a hydrophillcity. which allows (spontaneous) wetting of the membrane surface with 
blood, plasma or other aqueous solutions (Chi-Ming Chan, Polymer Surface Modification and Char- 
acterization. Hanser Publisher, MQnchen 1994). 

The following examples shall facilitate the understanding of the present invention and the advan- 
tages thereof, but not in any way restrict the scope of protection. 

Example 1 

Foaming a polymer blend consisting of polyethersulfon and polyvinylpyrrolidone 

9 g of polyethersulfone (PES) (Ultrason® E 6020. BASF AG. Gennany) and 1 g polyvinylpyn-olidone 
(PVP) (Kollidon® K90, BASF AG, Gemriany) were dissolved in 40 g 1-methyl-2-pynx)lldone (NMP) 
and the solution was spread as 0.5 mm thick films on glass plates. The films were dried under a ni- 
trogen atmosphere at about 70 X within a drying closet, subsequently the temperature of the drying 
closet was increased slowly to about 140 '^C. Subsequently, the films were dried within a vacuum 
drying closet until the concentration of solvent (NMP) was 
<0,02 wt.%. Portions of the obtained films (thickness ^00 pm) were saturated with carbon 
dioxide at 55 bar and 0 X within a pressure cell for 240 min. The films saturated with carbon dioxide 
were foamed at temperatures between 120 and 200 ^'C for 30 sec. It was shown that the samples 
foamed at a temperature of 150. 160. 170. 180 and 190 ^C, had penetrated open nanoporous struc- 
tures. 
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Foaming conditions: 



Saturation pressure: 5.5 MPa 

Saturation temperature: 0 ""C 

Saturation gas: carbon dioxide 
Saturation time: 4 h 

Foaming temperature: 160 X 
Foaming time: 30 sec 



10 Interpretation of the scanning electron micrographs: Open nanoporous morphology having openings 
in the order of about 100 to 300 nm. The proof of the penetrating behaviour was made by means of 
the known through flow measuring (flux measurements). 

Foaming conditions: 

15 

Saturation pressure: 
Saturation temperature: 
Saturation gas: 
Saturati'on time: 
20 Foaming temperature: 
Foaming time: 



5.5 MPa 
0°C 
carbon dioxide 
4h 

180 "C 

30 sec 



Interpretation of the scanning electron micrographs: Open nanoporous morphology having openings 
in the order of about 50 to 200 nm. The proof of the penmeation behaviour was obtained by means of 
25 the known through flow measuring (flux measurements). 

Comparative Example 1 



Foaming a polymer blend consisting of polyethersulfone and poiyvinylpyirolldone 

30 

9 g of polyetiiersulfone (PES) (Ultirason® E 6020. BASF AG, Germany) and 1 g polyvinylpyn-olidone 
(PVP) (Kollidon® K90, BASF AG, Germany) were dissolved in 40 g 1-mettiyl-2-pyrrolidone (NMP) 
and the solution was spread as 0.5 mm thick films on glass plates. The films were dried under a ni- 
trogen atmosphere at about 70 °C within a drying closet, subsequently the temperature of the drying 
35 closet was increased slowly to about 140 *C. Subsequentiy, the films were dried within the vacuum 
drying closet until the concentration of solvent (NMP) was <0,02 wt.%. Portions of the obtained films 
(thiclcness ^00 pm) were saturated with carbon dioxide at 50 bar and 25 X within a pressure cell 
for 120 min. The films saturated with carbon dioxide were foamed at temperatures between 110 and 

Z20 **C for 30 sec. It was shown that the foaming temperatures did not result In penetrating open 
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nanoporous structures. The examination of the permeation behaviour has been made by means of 
the known through flow measuring (flux measurements). 

Foaming conditions: 

5 

Saturation pressure: 5.0 MPa 

Saturation temperature: 25 
Saturation gas: carbon dioxide 

Saturation time: 2 h 

10 Foaming temperature: 160^*0 

Foaming time: 30 sec 

Interpretation of the scanning electron micrographs showed closed cell morphology with cells in the 
order of about 0.5 to 1 pm, since during saturation with 5 MPa CO2 at 25 X the critical concentration 
15 was not obtained. 

Foaming conditions: 

Saturation pressure: 5.0 MPa 

20 Saturation temperature: 25 **C 

Saturation gas: carbon dioxide 

Saturation time: 2 h 

Foaming temperature: 180 ®C 

Foaming time: 30 sec 

25 

Interpretation of the scanning electron micrographs: Closed cell morphology with cells in the order of 
about 0.5 to 2 Mm. since during saturation with 5 MPa CO2 at 25 *C the critical concentration was not 
obtained. 

30 Example 2 

Foaming a polymer blend consisting of polyethersuifone and polyvinylpyrrolidone 



35 



8 g polyethersuifone (PES) (Ultrason® E 6020, BASF AG. Germany) and 2 g of polyvinyipyrrolidcne 
(PVP) (Kollidon® K90. BASF AG, Gemnany) were dissolved in 40 g of l-methyI-2-pyn'olidone (NMP) 
and the solution was spread as 0.5 mm thick films on glass plates. The films were dried in a drying 
closet (nitrogen atmosphere) at about 70 ^C. and the temperature of the drying closet was increased 
slowly to about 140 •C. Finally, the films were dried in a vacuum drying closet until the solvent con- 

:entration (NMP) was <0.02 wt.%. The portions of the obtained films (thickness ^00 pm) were satu- 
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rated with carbon dioxide at 55 bar and 0 ""C in a pressure cell during 240 min. Foaming of the films 
saturated with carbon dioxide was made at temperatures between 140 and 180 ''C during 30 sec. It 
was shown that the samples foamed at a temperature of 150. 160, 170 and 180 °C resulted in pene- 
trated nanoporous structures. 

5 

Foaming conditions: 

Saturation pressure: 5.5 MPa 

Saturation temperature: 0 "C 

10 Saturation gas: carbon dioxide 

Saturation time: 4 h 

Foaming temperature: 1 70 'C 

Foaming time: 30 sec 

Interpretation of the scanning electron micrographs: Open nanoporous penetrated morphology with 
15 openings in the order of about 20 to 200 nm. Proof of the penetration behaviour was made by means 
of the known through flow measurement (flux measurements). 

Example 3 

20 Foaming a polymer blend consisting of polyethersulfone and polyvinylpynrolidone 

8 g of polyethersulfone (PES) (UtrasonOE 6060. BASF AG, Gemriany) and 2 g of polyvinylpynroli- 
done (PVP) (Kollidon® K90, BASF AG, Gennany) were dissolved in 40 g 
1-methyl-2-pynrolidone (NMP), and the solution was spread as 0.5 mm thick films on glass plates. 

25 The films were dried in a drying closet (nitrogen atmosphere) at about 70 and subsequently the 
temperature of the drying closet was increased slowly to about 140 ''C. Subsequent drying within the 
vacuum drying closet, occured until the solvent concentration (NMP) was <0.02 wt.%. Portions of 
the obteined films (thickness ^00 ym) were saturated at 8 bar and 25 ''C with chlorodifluoro- 
methane in a pressure cell during 168 h. Foaming of the films saturated with chlorodtfluoromethane 

30 occurred at 150 and 170 during 30 sec. It was shown that both foamed samples had penetrated 
open nanoporous structures. 

Foaming conditions: 

B5 Saturation pressure: 0.8 MPa 

Saturation temperature: 25 '*C 

Saturation gas: chlorodifluoromethane 
Saturation time: 1 68 h 



oaming temperature: 



150 
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Foaming time: 30 sec 

Interpretation of tlie scanning electron micrographs: Open nanonporous penetrated morphology 
having openings in the order of about 50 to 300 nm. Proof of penetration behaviour was made by 
5 means of the known through flow measuring (flux measurements). 

Foaming conditions: 

Saturation pressure: 
10 Saturation temperature: 
Saturation gas: 
Saturation time: 
Foaming temperature: 
Foaming time: 

15 

Interpretation of the scanning electron micrographs: Open nanc^orous penetrated morphology hav- 
ing openings in the order of about 20 to 200 nm. Proof of penetration behaviour was made by means 
of the known flux measurement. 

20 

Example 4 

Foaming a polymer blend consisting of polyethersulfone and sulfonated polyethersulfone 

25 8 g of polyethersulfone (PES) (Ultrason® E 6020, BASF AG. Gemnany) and 2 g sulfonated polyeth- 
ersulfone E 6020 (sPES) were dissolved in 40 g l-methyl-2-pyn-otidone (NMP) and the solution was 
spread as 0.5 mm thick films on glass plates. The degree of sulfonatlon of the sPES was 0.33 mmol 
SOa/gs polymer. The films were dried within a drying closet (nitrogen atmosphere) at about 70 ''C 
and subsequently the drying closet temperature was increased slowly 

30 to about 140 *C. Subsequently, the films were dried within a vacuum drying closet until the solvent 
concentration (NMP) was <0.02 wt.%. Portions of the obtained films (thickness ^00 pm) were satu- 
rated at 55 bar and 0 **C with carbon dioxide within a pressure cell during 240 min. Foaming the films 
saturated with carbon dioxide occurred at temperatures between 90 and 210 **C during 30 sec. It 
was shown that the samples foamed at a temperature of 130, 140, 150, 160, 170. 180 and 190 **C 

35 had penetrated and open nanoporous structures. 

Foaming conditions: 



0.8 MPa 
25 X 
chlorodifluoromethane 
168 h 

170 -^C 

30 sec 



Saturation pressure: 



5.6 MPa 
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Saturation temperature: 
Saturation gas: 
Saturation time: 
Foaming temperature: 
Foaming time: 



carbon dioxide 
4h 

160 

30 sec 



Interpretation of the scanning electron micrographs: Open nanoporous penetrated morphology with 
openings In the order of about 50 to 350 nm. Proof of the penetration behaviour was made by means 
of the Icnown flux measurements. 



Foaming conditions: 



Saturation pressure: 5.5 MPa 

Saturation temperature: 0 

Saturation gas: carbon dioxide 
Saturation time: 4 h 

Foaming temperature: 1 70 **C 
Foaming time: 30 sec 



Interpretation of the scanning electron micrographs: Open nanoponDus penetrated morphology with 
openings in the order of about 50 to 300 nm. Proof of the penetration behaviour was made by means 
of the known through flow measurement (flux measurements). 

Comparative Example 2 



Foaming a polymer blend consisting of polyethersulfone and sulfonated polyethersulfone 

8 g of polyethersulfone (PES) (Ultrason® E 6020, BASF AG. Germany) and 2 g of sulfonated poly- 
ethersulfone E 6020 (sPES) were dissolved In 40 g 1-methyl-2-pyrrolidone (NMP). and the solution 
was spread as 0.5 mm thick films on glass plates. The degree of sulfonation of the sPES was 0.33 
mmol of SOa/gs of polymer. The films were dried in a drying closet (nitrogen atmosphere) at about 
70 °C and subsequently, the temperature of the drying closet was slowly increase to about 140 **C. 
Subsequent drying within a vacuum drying closet was carried out until the solvent concentration 
(NIVIP) was <0.02 wL%. Portions of the obtained films (thickness ^00 pm) were saturated at 51 bar . 
and 20 "C with carbon dioxide within a pressure cell during 240 min. The films saturated with carbon 
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dioxide were foamed at temperatures between 90 and 240 ''C during 30 sec. It was shown that at all 
adjusted foaming temperatures penetrated open nanoporous stnjctures can not be obtained. 



5 Foaming conditions: 

Saturation pressure: 5.1 MPa 

Saturation temperature: 20 **C 

Saturation gas: carbon dioxide 

10 Saturation time: 2 h 

Foaming temperature: 1 50 *C 

Foaming time: 30 sec 

Interpretation of the scanning electron micrographs: Closed cell morphology having cells in the order 
5 of about 0.5 to 1 Mm, since by saturation with 5.1 MPa CO2 at 20 X the critical concentration is not 
obtained. 

Foaming conditions: 

0 Saturation pressure: 5.1 MPa 

Saturation temperature: 20 
Saturation gas: carbon dioxide 

Saturation time: 2 h 

Foaming temperature: 170 *C 

Foaming time: 30 sec 

Interpretation of the scanning electron micrographs: Closed cell morphology having cells in the order 
of about 0.5 to 1.5 pm. since by saturation with 5.1 MPa CO2 at 20 X the critical concentration is not 
obtained. 

Example 5 

Foaming a polymer blend consisting of polyethensulfone and sulfonated polyethersulfone 

8 g of polyethersulfone (PES) (Ultrason® E 6020, BASF AG. Germany) and 2 g of sulfonated poly- 
ethersulfone E 6020 (sPES) were dissolved in 40 g of l-methyW-pyrrolldone (NMP). and the solu- 
tion was spread as 0.6 mm thick films on glass plates. The degree of sulfonation of the sPES was 
0.33 mmol SOg/gs of polymer. The films were dried in a drying closet (nitrogen atmosphere) at about 
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70 ''C and subsequently the temperature of the drying closet was slowly increased to about 140 "C. 
Subsequently, the films were dried in a vacuum drying closet until 



5 the concentration of the solvent (NMP) was <0.02 wt.%. Portions of the obtained films (thickness 
^00 Mm) were saturated at 8 bar and 25 with chlorodifluoromethane within a pressure cell during 
168 h. The films saturated with chlorodifluoromethane were foamed at 170 *'C during 30 sec. It was 
shown that the foamed samples had penetrated open nanoporous structure. 

10 Foaming conditions: 

Saturation pressure: 0.8 MPa 

Saturation temperature: 25 **C 

Saturation gas: chlorodifluoromethan 
1 5 Saturation time: 1 68 h 

Foaming temperature: 1 70 °C 

Foaming time: 30 sec 

Interpretation of the scanning electron micrographs: Open nanoporous penetrated morphology hav- 
20 ing openings in the order of about 50 to 500 nm. Proof of the penetration behaviour was made by 
means of the known flux measurement. 

Example 6 

25 Foaming a polymer blend consisting of polyethersulfone and polyethyloxazoline 

9 g of polyethersulfone (PES) (Ultrason® E6020, BASF Ag, Gennany) and 1 g of poly(2-ethyl-2. 
oxazoline) (PEOX) (Aldrich Chemical Company, German) were dissolved In 40 g of 1-methyl-2- 
pyrrolidone (NMP) and the solution was spread in form of 0.5 mm thick films on glass plates. The 

30 molecular weight Mw of the PEOX was about 500 000. The films were dried in the drying closet (ni- 
trogen atmosphere) at about 70 **C, and subsequently the temperature of the drying closet was 
slowly increased to about 140 ^'C. Subsequently, the films were dried in a vacuum drying closet until 
the solvent concentration (NMP) was <0.02 wt.%. Portions of the obtained films (thickness ^00 pm) 
were saturated at 56 bar and 0 °C with carbon dioxide in a pressure cell for 240 min. The films satu- 

J5 rated with carbon dioxide were foamed at 150 '^C during 1 and 2 sec. It was shown that both sam- 
ples had open nanoporous structures. 
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roaming conditions: 

Saturation pressure: 5.6 MPa 

Saturation temperature: 0 **C 

5 Saturation gas: carbon dioxide 
Saturation time: 4 h 

Foaming temperature: 160 *C 
Foaming time: 2 sec 

10 Interpretation of the scanning electron micrographs: Open nanoporous morphology having openings 
in the order of about 50 to 300 nm. Proof of the penetration behaviour was made by means of the 
known flux measurement. 



15 



Comparative Example 3 

Foaming a polymer blend consisting of polyethersulfone and polyethyloxazoline 



9 g of polyethersulfone (PES) (Ultrason® E 6020. BASF AG, Germany) and 1 g of poIy(2-ethyl-2- 
oxazoline) <PEOX) (Aldrich Chemical Company, Germany) were dissolved in 40 g of 1-methyl-2- 

20 pyn-olidone (NMP). and the solution was spread as 0.6 mm thick films on glass plates. The molecu- 
lar weight of the PEOX was about 500 000. The films were dried in the drying closet {nitrogen 
atmosphere) at about 70 **C, and subsequently the temperature of the drying closet was slowly in- 
creased to about 140 "C. Subsequently, the films were dried in the vacuum drying closet until the 
solvent concentration (NMP) was <0.02 wt.%. Portions of the obtained films (thickness :^00 pm) 

25 were saturated at 56 bar and 0 "C with carbon dioxide within a pressure cell during 240 min. The 
films saturated with carbon dioxide were foamed at 150 •C for 30 sec. It was shown that foamed 
samples had no open nanoporous structures. The examination relating to the penetration behaviour 
is carried out by means of the known through flow measurement (flux measurements). 

JO Foaming conditions: 

Saturation pressure: 5.6 MPa 

Saturation temperature: 0 "C 

Saturation gas: carbon dioxide 
5 Saturation time: 4 h 

Foaming temperature: 160 **C 
Foaming time: 30 sec 
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Interpretation of the scanning electron micrographs: Closed cell morphology having cells in the order 
of about 100 to 500 nm, since during saturation with 5.6 PMa CO2 at 0 "^C the critical concentration is 
reached, but the foaming time for this system with 30 sec is selected too high. 



